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THE DISTRIBUTION OF MINERAL DATES 
IN TIME AND SPACE 
GORDON GASTIL 


Department of Geology, University of California, Los Angeles, California® 


ABSTRACT. Most igneous and metamorphic mineral dates indicate times of rock cool- 
r the term vents of crustal adjustment, Accordingly, the distribution of mineral 
indicates the periodicity of such events, and the distribution in space indi- 
try of their occurrence. By this we may test the validity of such concepts 

riodicity” velic orogeny”, and “continental accretion”, 
age shows that crustal adjustments are 
muighly cyclic, Intervals for which abundant mineral dates have been pre- 
bout 175 to 250 million years in length, with cycles of about 350 to 500 
lion years, Intervals of date abundance fall in the ranges: —2710 to —2490 m.y., —2220 
060 m.y 1860 to —1650 m.y., —1480 to —1300 m.y., —1100 to —930 m.y., —620 to 

y.. and —120 to the present. 


mineral date abundance against 


Mineralogenic events of very different ages are commonly recorded in the same area, 


nfrequently in the same rock. Large areas, however, can be characterized by the min- 
dates of the last interval of mineralogenic activity by which they were seriously ef- 


ted. In North America these mineralogenic provinces show a crudely concentric pattern, 
ounger dates outward, Similar arrangements have not been found in other continents. 


INTRODUCTION 


Phe temporal distribution of crustal adjustment and the geometry of un- 
st thle ireas have long been topics of ceologit disc ussion and hypothesis, To 
utilize mineral dates in resolving these questions it is first necessary to decide 
what events they record, which mineral dates are applicable to the study of 
large-scale crustal adjustment, and to what extent we may rely on existing 
mineral dates, After choosing criteria for the selection and evaluation of dates 
it is possible to tabulate and plot them according to their time and space dis- 
tribution, Naturally we must satisfy ourselves that the sample is sufficiently 
large and areally distribuled to be representative of a region. Finally, it will be 
possible to examine the degree of temopral and spatial order, check the statisti- 
al significance of this order, and use it as a test of geologic concepts. If our 
conclusions are valid it should be possible to predict the time and space dis- 
tribution of mineral dates as yet undetermined. 
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RDED BY MINERAL DATES 


erowth or regrowth of crystalline min- 
Uplift and erosion ind sedimentation. faulting and folding, all 
their origin to physical-chemical adjustments which, through magmatiza- 

I metamorphism ultimately require mineral crystallization. 

Where a crystal contains atoms which disintegrate spontaneously, the 
hemical composition » mineral changes as a function of time, almost in- 
pendently of environment, The altered atoms, thus formed, may or may not 

ommodated by the crystal. Some are able to escape as soon as formed 
some escape only i threshold concentration has been a hieved 
feldspar ? ) d others can accumulate almost indefinitely, As long 
not escape from the crystal in which they were formed their abun- 

i measure ol the tim ipsed sinc crystallization. 

If. after crystallization hange in physical environment requires re- 
crvstallization to the same « different mineral. most of the daughter atoms 
not required by the new form will be excluded, The abundance of daughter 
itoms. then. tells 1 O1 uch time has elapsed since the crystal in question 

m. Unfortunately we do not know the limiting 
hich control the retention or expulsion of 
tudies of different age-dating methods (refer- 
same environment which brings about the re 

element ratio, or from one mineral, is not 

1 different daughter element, or in removing 

wcent mineral of a different species (M.LT., 

1958a: Grunent 1958: lton. et al.. 1958a. b: Aldrich, 1958). It is this 

over! ip in reten bility that makes it possible to obtain the date of more 
than one geologic event from th same rock. 

When the environment of a crystal requires the expulsion of daughter 

does the ecessarily undergo rapid and total cleansing so that its 

lished as that of the time of cleansing? Or is it possible 

that only ; portion he 1accommodated atoms are expelled, leaving the 


crystal ith an intermediate “age value” that does not date any event? Ob- 
viously composite crystal, portions of which have grown at measurably dif 
ferent times. will not vield significant age data unless the different portions can 


be analyzed individually. If the parent-daughter isotope ratios in a rock have 


been affected by gradual daughter-escape, partial daughter-cleansing, or com 


posite crystallization, different miner il species, and different radiogenic isotope 


ratios within those minerals would not be expected to yield the same “age 


However. many cases of date concordance have been found, and these must 
record physi il events in the history of the earth’s crust. 
lo utilize mineral dates geologists must make assumptions as to the nature 


ind circumstances of the causal event, This event may have been crystallization 
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from a melt, metamorphism, or deposition from an aqueous fluid. Since these 
processes may require millions of years for completion, and may more or less 
continuously accompany tectonic instability over still longer intervals of time, 
the mineral dates which are preserved represent only the final achievement of 
erystal stability, the terminal cooling. This final stability is achieved individual- 
ly by each crystal, and due to the heterogeneity of orogenic belts, and the con- 
tinual structural dislocation within them, mineral dates representing the entire 
history of a mineralogenic province may be preserved, The spread of mineral 
dates ascribed to a mineralogenic EPor h may or may not represent the entire 


interval of crustal instability. 


rHE SELECTION OF MINERAL DATES SIGNII Ti ANT TO THE STUDY OF 
CRUSTAL STABILITY 

In dat intervals of crustal adjustment we are most concerned with the 

rystallization of deep-seated igneous and metamorphic rocks. Micas, potassium 

ind accessory minerals such as zircon and monazite are primary con- 

h rocks and contain one or more naturally radioactive elements. 

ind associated hydrothermal veins which are satellitic to centers of 

m or metamorphism should yield dates no older or younger than 

of their source, These contain micas, potassium feldspar, and a 

‘ty of primary uranium and thorium minerals, Medium- to low-tempera- 

ture vein and repl wement hydrothermal deposits. as well as supergene deposits, 

may occur in areas marked by crustal stability. and therefore do not appear to 

he necessarily related to fundamental crustal adjustment. Some mineralogenesis 

n stable regions, however, appears temporally related to distant crustal ad- 

justment (Cummings. 1955), Uranium mineralization on the Colorado Plateau 
during the deformation of the Rocky Mountains is one example. 

\ table of mineral dates is included as an appendix, This table is designed 

o include every locality for which a mineral date, attributed to fundamental 

rustal adjustment, has been determined by the use of methods and materials 

currrently regarded as reliable. Where several similar dates have been obtained 

for materials from one locality, more than one representative date is presented. 

Phe dates have been classified as either confirmed or tentative, Confirmed 


dates are based upon corroborative determinations by different methods, ma- 


terials, or samples. Tentative dates are those based upon a single determina- 
tion, upon several highly discordant ones, Or upon unsatisfactory or unknown 
nethods or materials. 

Concordant uranium-thorium-lead isotope dates and lead 206/207 dates 
for medium- to high-temperature minerals, rubidium 87/strontium 87 dates 
for low-calcium minerals, and potassium 40, argon 40 dates for micas and 
young (<100m.y.) potassium feldspar are considered to be reliable and sig- 
nificant. Dates determined by non-isotopic chemical analysis, common lead, 


helium, crystal damage, and lead-alpha methods, while frequently correct and 


useful as confirmations, are not considered reliable by themselves, Dates de- 


termined for older feldspars, secondary minerals, mineraloids, total rock, or 


sedimentary materials are likewise, by themselves, either unsatisfactory or un- 


applicable. Dates for which the mineral has not been given have generally been 
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tly con parable they have been adjusted to the 


American laboratories (Wetherill. 


ty may represent a sequence ol closely 
difference in response to the same event by dif 
difference in response to post-crystallization en 
elements. or different crystals of the same 
Thus. when we wish to consider indi 

itive dates there is no uniquely satisfa 
eneralizing the data. Where an analyst 

d date” the preferen e has generally been 
pair of determinations by different methods 
determinations on different materials by the 
ised. Where applicable. a superior method o1 
ven prelerence, Where more than two deter- 
se dates forming the most significant cluster 


ilization employed i indicated by a suflix 


1 soon after the discovery of natural 

decade since then analysts have dis 

made in the preceding one, Certainly 

re destined for revision, but generaliza 

ive suffered a lower mortality rate than have 
Holmes and Lawson presented a time scale 
mn differs little from that in use today. In 
tes of the Grenville orogenic province were 
| much younger than those of the adjoining 
onclusions diflered from common geologi 


determinations by improved methods have only 


THE STUDY O} INER DATES ON GRAPHS AND MAPS 


; 


against age.—lIn figure 1 mineral ages 

is subdivided into intervals of ten million 
date localities tabulated for each interval is 
» the ordinate. Both confirmed dates (repre 
ented on the raph by nid iares). and tentative dates (represented by 
open squares ) lotted { he individual continents, but only the confirmed 
dates are plott > ( the il is a whole. The histograms are supplemented by 


1 curve whi iws att mn to the date clusters. This curve is constructed by 


idding 4 tic s for each date falling in the time interval in ques 


tion, two vertical ts for each of those falling in the two adjacent intervals, 
one unit for each those in the four next closest intervals, and one-half for 
‘ach in the next closest eight intervals. The area beneath the confirmed curve 
s shaded, whereas the curve representing confirmed plus tentative dates is 
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ile units are subtracted from all of the 
Asia—Australia, and South America, for 


tracted, The single date from Antarctica 


ordinate grid were superimposed upon 

i] age determination were made for the 

d intersection the representativeness ol 
the coordinate interval. The selection of 
has depended upon proximity to labora 
il deposits, roadecuts, and other man 
number of determinations reported for 
out of proportion to their areal 


iis effect we have treated each mineral 


The area-compensated iph lol Nort 


ninimize the effect of disproportion ile 
North America was divided a 

tude (fig. 3). Each erid area was 

representative dates were selected 
for individual localities 

was made by dividing North 

ted States-Canadian border (fig 


portions with the area-compe nsated rraph 


he date sample is representative, 


zation of a particular mineral specie 
has not necessarily been distributed 

me ind that therefore the respective min 
djustments involving parti ular minerals o1 
ty the age values for each locality were 
Where several determinations 
for a single locality they were 
This treatment involves the 

therefore produces greater disper 

» there are separate plots lor potas 
1 a composite of uranium-thorium-lead 

thod dates il d led into five histograms: (A) concordant 
nite determinatio id 206, 207 determinations for uraninite, (C) 
determinations for zircon, monazite, xeno 

ils, (D) determinations by lead 206 
determinations by the common lead 
ypic chemical analysis of uranium and 
orium minerals nad the to} nalysis of pit hblende. Although there is 
marked absen of ura n tes at about 350 m.y. and an absence of mica 
he different methods and materials show 

This coincidence indicates that radio 


ve of deep-seated mineral genesis as a 
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Finally consider the tribution of mineral ages with depth, In a crustal 
helt of recurrent mineral genesis (an orogenk 


belt) crystals of zero age are 
formed at all depths. Some crystals which 
toward the surface by structural dislocation, 
esses of fusion, solution, and metamorphism 
ages during the active life of the belt are 


surface rocks may contain mineral ages 


mntinuously or spasmodically be 


irried 
Pro 


e-estal 


vwoled at great depth are 


Dy erosion 


reasingly imp 


representing iineralogenic events of the area. while at 
eat depth rails ma most recent mineralogeni« 

hus, ‘ply erod like the Grenville orogenic province and 
I itively uniform in mineral age, whereas at 
Sudbury and in New 1 whe iriably metamorphosed rocks are cut by 


mine 


inv small il ages has been prese rved, ‘| 

nee that it has been eroded to its 
ral ages in recently unstab! 


ul 


should 


be greater than in more ancient 
ntervals can be expected to col 


orogeny, whereas post- ambrian 


INDEX TO 
MINERAL DATE 
LOCALITIES 
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y e 
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Vineral date provinces in North America.—F igure 3 locates the tabulated 
mineral dates for North America. Figure 4 shows the regional lineaments and 
structural grain of North American Precambrian rocks, as abstracted from the 
literature. The dotted lines indicate the apparent boundaries of Precambrian 


structural provinces, In constructing figure 5 we have sought a coincidence 
between these apparent structural boundaries and those of the mineral date 
provinces, The patterns by which the different provinces are distinguished are 


diagrammatic extrapolations of the structural patterns indicated by figure 4. 
yaf PRECAMBRIAN 
STRUCTURAL 


REGIONAL 
LINEAMENTS 


APPARENT BOUNDARIES 
BETWEEN STRUCTURAL 
PROVINCES 


Fig. 4. 

In figure 5 the mineral date localities of North America have been divided 
according to the abundance intervals which appear in figure 1, The intervals 
are designated by the letters A to G, younger to older, The distribution of min- 
eral dates combined with considerations of regional geologic structure serves 
to define the mineral age provinces, Each province is characterized by the 
spread of dates representing the last widespread interval of orogenic mineral- 
ogenesis by which it was severely effected. Thus, the Pacific margin province is 
labeled 0-150, the Atlantic margin province 250-550, and the Grenville orogenic 
province 950-1100, Other provinces are characterized by the intervals 1250- 
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arpment plotted against age. 


Figure 6 is a 
on made by J. Tuzo Wilson (1949) 
rovinces of North America are progressively 
t continental margin, In the graph the as 


itted along the abscissa and its minimum 


| escarpment is plotted parallel to the ordi 
but definite trend toward greater age with 
point scatter can be attributed to the ten 
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MAXIMUM INLAND DISTANCE 


NENTAL ESCARPMENT 


NT 


e@ confirmed dote 
© tentative date 


Althoug! 10 to be the rule yet the 


strong that tl \ truly prominent points in 


ue is how appeared Jueb the No thwest lerritories 
t), Karelia, south and centr ( India, Australia, and finally 
100) m.y. is appear n northern Manitoba, south Green- 
ioscandia, the metamorp belt imy ing the Huronian section 
ikes region extending from the udbury district into Minnesota, 
{ Labrador, India, centra rica, an northern territories of 


Similar statements may be made regarding the typical Grenville age of 


1000 m.y.. and the tvpici t cambrian age in the vicinity of 500 m.y. 


Episodes of mineral date abundance, indicative of terminal crustal ad- 


tment. comprise intervals of 160 to 340 m.y. (figs. 1, 2). Such age spreads 


ire considered » ceologic rather than analytical (Fairbairn, 1958), The 
nterval during which a given crustal belt has been unstable can, and probably 
does, far exceed the interval for which abundant dates have been preserved. 
For example, the Pacific margin batholithic belt, yielding Mesozoic ages, was 
ready active in the Paleozoic, and the Appalachian orogenic belt, yielding 
predominately mid-Paleozoic ages, has its origin in the Precambrian. 
Figure | shows the following intervals of mineral date abundance: 0 to 
120 m.y., —280 to -620 m.y., —930 to -1100 m.y., —1300 to —1480 m.y., —1650 
to —1860 m.y., —2060 to —2220 m.y., —2490 to —2710 m.y., and —2940 ++ m.y. 


These intervals are 120+, 340, 170, 180, 210, 160, 220, and 60+ million 
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years in leneth and together comprise 45 percent of the past 3 billion years. 


lable 1 shows the percentages ol mineral dates which fall into these intervals. 


The average duration of the complete intervals is 240 m.y, with a standard 


deviation of 60 m.y 


Che Occurrence neral Dates in Intervals of Abundance 


onfirmed dated confirmed 
tentative localities 


peaks of mineral date abundance indicated in figures | 


nterval B (see fig. 5) is indicated by two peaks, B and B’. 


Peaks of Mineral Date Abundance 
G 


800 2105 (2650) 

1010 755 (2105) 2605 

1005 560) 1760 (2090) 2605 

995 5 (1700) (2695) 

(2515) 

950 55 9115 (2640) 

L000 2105 2605 


1005 


The average peak values (excluding those in parentheses ) for the five 
continental areas are 105 m.y., 352 m.y. (standard deviation 12 m.y.), 500 
m.y. (s.d. 20 m.y.). 980 m.y. (s.d. 25 m.y.), 1360 m.y., 1780 m.y. (s.d. 20 


m.y.). 2110 m.y. (s.d. 5 m.y.). and 2605 m.y. Omitting B’, the intervals be- 
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tween these peaks are 395 m.y., 480 m.y., 390 m.y., 410 m.y., 332 m.y., and 
193 m.y., giving an average interval of 417 m.y. (s.d. 47 m.y.). Very similar 
values can be obtained for each of the dating methods. 

The existence of date abundance intervals does not necessarily mean that 
mineral growth has been episodic. These could result from an episodic redis- 
tribution in the extent of earth-wide mineralogenesis, By analogy, shoreline 
terraces are dated by the terminal activity of waves prior to a change in their 
space of activity. The waves have worked continuously, but the terrace levels 
that they left behind are evidences of an episodic earth history. 

Cycles.—Since the intervals between peaks of date abundance average 
417 m.y. the distribution of mineral dates has been compared with a hypotheti- 
cal 420 m.y. cycle in which 210 m.y. intervals of mineral date abundance al- 
ternate with like intervals of mineral date scarcity. Except for the mid- 
Paleozoic mineralogenic interval (B’) found in the northern hemisphere, the 
distribution of dates agrees well with the cycles. The 210 m-.y. half-cycles are 
indicated on figures 1 and 2 by vertical coordinates, and the intervals of great- 
er mineral date abundance are shown as solid bars at the bottom of figure 1. 
Table 3 shows the percentages of dates which correspond to this cyclic pattern. 


TABLE 3 


The Cyclic Occurrence of Mineral Dates in Intervals of Abundance 


dated confirmed dated confirmed 


localities tentative localities 


Europe-Siberia 146 
North America 77 
N.A. (area compensated) 109 

SE Asia-Australia 

South America 

Africa 56 

Worldwide 413 

Potassium/argon 231 57% 130 
Rubidium/strontium 86 3% 71 


U-Th-Pb methods 160 74% 107 


By comparing the distribution of mineral dates with fixed cyclic intervals 
it is possible to investigate its statistical significance in the same manner as the 
flipping of a coin. Where p is the probability of occurrence of an event on a 
single trial, the Probability (P) that the event will occur at least r times in the 
course of n independent trials is: 


, 
n 


i’ (n-i)’ 
id (where q 


Considering each mineral date as a single trial, the chance of its falling into a 


60% 
73% 
73% 
67% 
85% 
71% 
59% 
61% 
76% 
in-r 
P>r . Pp 
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of alternate intervals representing half of geologic time is one in two (p 
14). The probability (P) that 71 percent of the 218 worldwide confirmed min- 
eral date localities should give dates falling into the same set of intervals is less 
than 1 x 10~"*. Similarly, the probability for confirmed North American dates 
is about 1 x 10~*, for European-Siberian 1 x 10~°, and for African 1 x 10 
Similar calculations can be made setting p equal to 1/3. as suggested by the 
short bars in the lowe part of hgure l. 

If intervals of mineral date abundance are cyclic, they indicate a cycli 
withdrawal of large portions ol the earth’s crust from active igneous and 
metamorphic mineralogenesis. a cyclic phenomenon quite different from that 

by Stille (1936) and Umbegrove (1942). The orogenic cycles which 

Stille. Umbgrove. and others recognized in the post- ambrian record are 

nts of a much smaller magnitude than those considered in this paper, The 

poss ble existence of lor evcles in the earth’s orogenk history has heen sug 
eested by many authors. Veining Meinez (1934, p. 531) writes: 


rie phenomena we have to dist ngu sh between 
esponsible for the different periods of tectonic 

wer the entire depths of the mantle which 
st, would bring about the periods of especially 


ntervals of some 150-250 m.y.) 


Gill (1955). when he sp of 20 to 30 Precambrian orogenies, must have had 


in mind intervals similar to those of Veining Meinez. Cummings (1955) con 
cluded that the active life of an orogenic belt is about 500 m.y, Holmes (1948) 
appears to have had in mind cycles of about 300 m.y. Griggs (1939) suggested 
1 mechanism for produci orogenic cycles of about 560 m.y. in a given area. 
und M.I.T. (1958b) observes that orogenic belts develop over a period of 200 
or more million years 

The concepts of period | lic orogeny to which Gilluly (1949) and 
Rutten (1949) objected con relatively short intervals of orogenic activity 
alternating wit ‘latively | periods of quiescence, Their objections were 
not in conflict with the \ of periodists such as Holmes, who wrote in 1932 
(p. 186): “The testimony ol ology is that compression seems always to have 
heen more ct ‘ vhere or other in the world, periodicity being a 

maxes n il eouons heralded by { rescendoes and followed 
by diminuendoes.” Gilluly . p. 588) says: “Of course I do not contend 
that intense crustal ormati has been either continuous or ubiquitous. 
Doubtless there have | \ tions in the rates from the statistical average, 
ind perhaps present te from the average in one direction o1 
the other.” 

The concept of mineral date provinces and their meaning.—Following 
Ellsworth’s (1932) pioneer use of mineral dates to distinguish the Grenville 
ind Keewatin provinces, a succession of writers has attached characterizing 
mineral ages to “orogeni ts.” In 1945 Holmes compared supposed intervals 
of North American oro y with dates to the orogenic belts of south and 

tral Africa and compared this succession of dates with supposed successions 
ny n Nor ni Amer Ca, lurope, and India, In 1949 J. Tuzo Wilson 
the age subdivision of t Canadian shield as evidence of “con- 


retion.’ During these same years the existence of a Pacific batho- 
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lithic belt with mineral ages of -100 + 30 my, and an Appalachian belt of 
240) to 500 m.y.. long suspected by field veologists. were confirmed by 
mineral dating. 

In 1955 and again in 1957 Holmes and Cahen proposed a sequence of 
orogenic intervals for Africa. In 1955 Holmes expanded on his earlier time and 
space subdivision of India and Ceylon according to belts of Precambrian 
orogeny. In the Symposium on Precambrian correlation and dating held by 
the Geological Association of Canada in 1955 Derry, Gill, Cummings, and 
others amplified the mineral age subdivision of the Canadian shield. 

In 1956 Tugarinov used mineral dates to subdivide the various Pre- 
cambrian shields of the world according to successive belts of mountain build- 
ing. In 1958 Gerling characterized the Precambrian orogenic belts of the 
Soviet Union by mineral dates, Goldich reported mineralogenic epochs for the 
Lake Superior region, Davis recognized an areal distribution of age “belts” in 
North America, and Hurley and Fairbairn reported the wordwide occurrence 
of “suspiciously similar dates.” 

Thus, in the past three decades, in each of the continents, clusters of min- 
eral ages of areal significance and perhaps worldwide coincidence have been 
found. In 1956 J. Tuzo Wilson wrote (p. 550): “From the results now attain- 
able it is quite apparent that the ages and lead isotope ratios found for any one 
area tend to be uniform but that they differ markedly from one geologic prov- 
ince to another, This regularity is much greater than had been anticipated ...” 

lhe picture, however, is not a simple one, for just as Tertiary intrusions 
are found well within the continent. rocks a billion years old intrude still older 
Precambrian terranes of Colorado, Minnesota, and Ontario. In the opposite 
regard each of the mineralogenic provinces preserves within it at least a few 
crystals which retain the ages of still more ancient mineralogenic events, Such 
examples of igneous rejuvenation and relicts from past epochs do not invalidate 
the concept of dated mineralogenic provinces, but they do indicate that old 
sialic crust is not immutably stable and that many orogenic belts are founded 
upon still older continental rocks. 

Recently mineral ages of a billion years and more have been discovered 
on the coast of Labrador (Lang, 1958). in eastern Newfoundland (M.L.T., 
1958a). in New Jersey (Davis, 1958b). near Baltimore (Tilton et al., 1958b). 
and in southern California (Larsen, see Faul, 1954; Davis, 1958a, Wasserburg, 
1959) each within a relatively short distance of the present continental margin, 
This evidence is in direct conflict with the hypothesis of continental accretion 
(Wilson, 1949, 1950, 1956). It is not in conflict, however, if we attribute 
the concentric arrangement of mineralogenic provinces to a gradual with- 
drawal of crustal instability from the continent's interior. By this explana- 
tion the continent has not grown, but the portion of it involved in mineraloge- 
nesis has gradually decreased. 


The distribution of mineral dates in other continents not only fails to 


support the hypothesis of accretion. but shows little evidence of an orderly 
withdrawal of instability from the continental centers, In Eurasia Precambrian 


terranes border both the Arctic and Indian oceans while mineral provinces of 
Paleozoic to Tertiary age extend through the heart of the continent. The min- 
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eral date map of Australia (M.I.T., 1958b, p. 94) locates the oldest dates near 
the ocean and younger dates in the continent’s interior, The mineral date map 
of Africa (Holmes, see M.I.T. 1958b, p. 118) shows little relation between 
age and interior distance, And in South America Precambrian terranes extend 
to the coast in several places 


Orogenic rejuvenation Have continental areas, once stable for hundreds 
of millions of years, remobilized to participate in widespread magmatization 
and metamorphism? Areas with complex histories, such as Yellowknife (Hen- 
derson, 1955), Lake Superior (Goldich, 1958), Sudbury (M.LT., 1958a), the 
Appalachian Piedmont (Tilton, et al., 1958a, b; Grunenfelder, 1958), Kouvo, 
Finland (Davis, 1958), the southern Ukraine ( Vinogradov, 1956), and Karelia 
(Gerling, 1957) retain mineral dates from two or more widely separated 
times. Either these areas underwent periodic rejuvenation or significant por- 
tions of their mineralogenic record have yet to be discovered. For example, the 
Grenville orogenic province became stable about 1000 m.y, ago, and the ad- 
jacent Appalachian orogenic province 250 to 300 m.y. ago. Since the Appala- 
chian province also participated in the Grenville orogeny, did it also stabilize 
1000 m.y. ago and later remobilize, or was it continuously unstable until late 
Paleozoic time? If the area was continuously active it is difficult to explain the 
preservation of —900 to —-1100 m.y. dates, considering the almost total absence 
of —550 m.y. to —900 m.y. dates. 


If continents have neither grown nor become progressively stable toward 
their margins, either the picture is confused by the fragmentation of continents, 
or belts of mobility can trend across all portions of the globe, irrespective of 
the boundaries between continents and oceans. 


CONCLUSIONS 


Igneous and metamorphic mineral dates from all parts of the world tend 
to occur in the same intervals of cyclic abundance. This suggests that the 
earth’s history is marked by episodes during which the spatial distribution of 
intense mineralogenic activity shifts, resulting in the selective preservation of 
“withdrawal dates” for the areas becoming stable. 


The spatial distribution of mineral dates in North America defines a se- 
quence of age provinces which are younger nearer the continental margin but 


does not support the hypothesis of continental accretion, An hypothesis en- 


visioning the gradual outward solidification of an originally mobile continent 
is more satisfactory but is not supported by the spatial distribution of mineral 
dates on other continents and does not explain repeated, widespread rejuvena- 
tion of stable areas. 
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{ppendix 


TABLE OF MINERAL DATE LOCALITIES 


It is intended that this list include all localities for which significant 
igneous and metamorphic mineral dates had appeared by January, 1959. The 
reader should keep in mind the fact that a large number of these values are at 
best tentative, and that very few of them are as precise and meaningful as 
might be wished. 


Phe dates indicated for many localities are composites based upon deter- 
minations of several different materials, isotope ratios, or analysts, The criteria 
used in the selection of significant data, and the means of determining com- 
posite ages are treated in the text. 


We are not attempting to present a compilation of available age data, 
but only to list the “locality dates” which we have derived from this data and 
to give a minimum of information concerning each, For the sake of space this 
information is compressed into a single line as follows-—Locality number, Lo- 
cality: rock types if known;minerals date:method of age determination used 
(spread of date determinations considered to be significant) composite date. 
Phe sources are indicated by numbers in the extreme righthand column which 


refer to the list of references cited. A complete bibliography is not given for 


each locality and original references are not necessarily cited. 


Where necessary. ages have been recalculated to accord with constants 
currently used in North American laboratories (Aldrich, et al.. 1956b, 


Wetherill, 1957). 
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ocality (spread of 


number Locality: rock; mineral; method dates) 
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Locality (spread of composite 
number Locality: rock; mineral; method dates) date source 
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Locality (spread of 
number Locality: rock; mineral; method dates) 
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RELATIONSHIPS BETWEEN LENGTH OF ARC 
AND THICKNESS OF PTYGMATICALLY FOLDED VEINS 
HANS RAMBERG 


niversity of Chicago, Chicago. Hlinois 
nt rock layer (plvematic vein) em 
If both rocks are considered as 
cients, one tinds the following relationship 
of a wave), thickness of competent layer 


ompete rocks, and po, respectively 


INTRODUCTION 
The reasons | isoidal sh ipe veins In gneisses and 
schists have been t to considerable discussion with several dynamic 
models suggested by ) in Sederholm (1913). Wilson (1952). Godfrey 
(1954). Kuenen (1938) ar imberge (1952. 1956 and 1959). Field studies 


and experiments have made the present author believe that the undulatory 


sh ipe of such bodies is generally caused by compressive plastic strain in the 


host rock along directions par illel to the vein which responds to the shortening 


by folding rather than simp! ympression, The reason that the vein responds 
by folding whereas th nt host rock responds by plastic compressive 
Sirfain is a differene ! ! \ he Iwo rot k types. the vein heing more 
competent than the 

Experimental a theo il studies of ptygmatic folding have been re 

the author (1959), Subsequent considerations 
however. have resulted in a more exact mathematical expression for leneth of 
irc of folds and thickness of vein as related to difference in viscosity (com 
petency) of vein and host rock. This rel itionship is developed in the present 
article together with an ¢ xpression for the “depth f contact-strain penetra 
tion. The latter refers to the fact that the transversal movement of the folds 
ilong the vein creates vidal strain in the adjacent rock, this contact strain 
eradually diminishing to zero at a certain distance from the folded vein. 

In order to d lop th relations we shall assume both vein and host 
rock to behave mechan y as Newtonian substances, i.e.. rate of strain is 
proportion il to stress nd their yield point is zero, This seems a reasonable as- 
sumption for the slow formation or microcreep which occurs in crystalline 
rocks under the relat ' h P.T conditions at which ptymagtic folding 
generally forms. Imagine furthermore the vein as an evenly thick plate of finite 
length and width enclosed in an infinite body (or very large as compared with 


of homogeneous rock. the vein being more viscous than the host 
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rock, The host rock with its enclosed vein is affected by stresses which create 
homogeneous strain throughout the body. Let the vein be oriented parallel to 
the principal longitudinal compressive strain in the host rock, The compressive 
strain in the rock adjacent to the vein will induce compressive stress in the 
vein as a result of skin friction, The vein may consequently start to buckle if 
the induced stress is strong enough and if it is maintained over a sufficient 
length of time. 

Now in order to find the wave length of the initial folds at the moment 
they start to form we shall first determine the resistive force which the vein 
itself would offer against buckling if it was not surrounded by a substance with 


some strength or viscosity, The resistance against buckling offered by the vein 


itself decreases with increasing wave length in a similar fashion as the well 
known buckling strength of elastic plates. Then we shall consider the resistance 
which the viscous host rock offers against the development of the contact 
sinusoidal strain adjacent to the folded vein. This resistive force increases with 
increasing wave length of the ptygmatic vein. The sum of these two resistive 
forces is the total force which acts against the evolution of folds along the vein. 
It will be shown that the total resistance force has a minimum value at a cer- 
tain initial wave length depending upon thickness of vein and viscosity of vein 
and host. The actually developed folds assume initial wave lengths correspond- 
ing to the minimum resistive force. 

It is felt that the reader may appreciate the theoretical considerations in 
this article if one of the experimental results from the author’s earlier work 
is reproduced (fig. 4). 


BUCKLING OF A VISCOUS PLATE NOT RESTRAINED BY ENCLOSING SUBSTANCE 

Whereas elastic buckling of solid plates is a top of discussion in ele- 
mentary text books in the field of mechanical engineering. the buckling of 
plastic plates is much less studied. When it comes to substances of the kind con- 
sidered here, viz. Newtonian substances with very high viscosity but zero yield 
point, the author is not aware of any published discussion, It seems therefore 
necessary to develop a theory of viscose buckling of plates on basis of elemen- 
tary principles. 

Consider an evenly thick plate of thickness 2A exposed to a compressive 


stress o, in direction x in the plane of the plate. Let the principle stresses oy 


Z 
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Crossection perpendicular to fold axis (y) of sinusoidal buckle in a solid plate. 
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where o, and ¢, are stress and strain across the axial plane at the outer sur- 
faces of the buckled plate. 

It will become clear below that we need to know P, as a function of the 

te of relative shortening of the folded plate in the x dimension, i.e., as a 


OX 


. at constant length of arc of the fold. Now the relation between 


at constant leneth of are durine the folding is readily developed 


of the expression for length of arc of sinusoidal folds with very small 


wave length ratio: 

A A 
where A, is leneth of are which is identical to the initial wave length at the 
moment the fold starts to develop. The term 27°A*, is negligible relative to A, 
hence A in eq. (4) can be replaced by A;, and differentiation with respect to 

TIVE 


dA 
A 


| his equa ! shows how the strain in the apex of the buc kle varies with am- 
litude when the leneth of arc remains constant and 4c /A is very small, We 
| 

ire however seeking the relation between de), and 0A at constant length of arc. 


Differentiation of equation (7) at constant A; gives: 


oA 


in equation (6) gives: 


P 
x aA 
Substituting for A, by equation (7) results in the following expression for the 
Aot 


thrust P. needed to make the viscose plate buckle at a rate —— provided that 


the shortening , Is very small: 


(12) 
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equation refers to a small-amplitude viscose buckling of a plate of thick- 
2h,, affected by a « ympressive torce P.-a on two opposite edges of leneth 
a. The other edges are free the surrounding material does not offer re- 
leneth of the 


consideral oreatet 


sistance against the buckling 


folds along the fold axes (vy) 
is assumed to be than the wave length, otherwise a cross- 
folding with x as axes w »» (because of longitudinal laminar flow 


par ullel to y in the buckles 


dentally ve shortening in equation 


the Euler's equation for initial buckling of elastic 
pl ites under a th ist ipplied to opposite edges of leneth a provided that 
118 considerably ! the waveleneth of the folds which deve lop The 
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been deformed, The depth of strain penetration is ze. The de- 
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Phat is, the depth of contact-strain penetration in the host material is 2/7 


times the wave length for small-amplitude folds. This value of z, has been used 


in figure 2. Now because of the approximation made in the deformation model 
is discussed above, it is probable that the true depth of strain penetration 
s somewhat larger than the calculated one. |The reason for that is that the 
stresses connected with the strains which have been neglected become less with 
increasing z,.- value.] According to experiments, however, (Ramberg, 1959) 
and field observations (fig. 3) the true depth of strain penetration is not ap- 


3. Conformable ptygmatic quartz veinlet in micaceous quartzite, The layering 
juartzite and the boundaries of the vein are drawn in ink to show more clearly 
tact strain. Note that depth of contact-strain penetration is less than the length of 


ne wave, (The vein is crossing the layering in the host rock at a very small angle). 


preciably larger than the calculated value. Even for relatively large-amplitude 
folds such as in figure 3 we see that the strain does not extend as far as one 
initial wave length (= are length of a wave) out in the host rock. 

Incidentally, one notes that the contact strain depth is independent of the 


viscosities of layer and host. 
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It is interesting that neither rate of folding nor compressive force enter 
the expression for A, if the condition p, const.: p const, is satisfied. For 
many solids effected by microcreep (i.e. flow at stresses less than the practical 
yield values) » may well vary with magnitude of stress or with rate of strain. 


Under such circumstances initial wave length of compressed plates enclosed in 


Fig. 4. Four steps in strain experiment with two layers of plasticene embedded in 
putty. The plasticene is about 100 times as viscose as the putty (order of magnitude), The 
layer on the left side with the longest wave length is somewhat thicker than the other, 
The strain was of simple-shear type with upper contact moved toward the left. 
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ON THE ORIGIN OF THE CASPIAN AND BAIKAL SEALS 
AND THE PALEOCLIMATOLOGICAL IMPLICATION* 


I. A. McLAREN 
Osborn Zoological Laboratory, Yale University. New Haven, Connecticut 


ABSTRACT The Caspian and Baikal seals, closely related to the ringed seal of the 
i usually held to have arrived as a result of Pleistocene events. However, 
s ests that they are relicts of late Miocene connections with the Arctic basin. 

ire more differentiated than is generally supposed, More important, 

from the upper Miocene of southern Russia and Hungary (and perhaps 

to the same subgenus (Pusa), and remains of the present Caspian seal 

Pleistocene deposits, formed before the putative glacial entry of seals. 

st readily diagnosed as belonging to the ringed seal group are an an- 

a skull attributed to Phoca pontica by Alekseev and part of a lower 

t pannonica by Kretzoi. Some of the syntypes of Phoca pontica Eich- 

to this group and a lectotype is accordingly chosen here to pre- 

1S the name, Much confusion has resulted from the identification 

is Phoca pontica of a form with a peculiar, distally expanded femur; this 

1 Pontophoca sarmatica (Alekseev) n. comb, The synonymies of other 

been involved with the status of Phoca pontica are reviewed and lecto- 
necessary 

ils (subfamily Phocinae) are relatively cold stenothermic and prob- 

in basin by direct connections to the north, The pups of living 

eoats as an adaptation to birth on ice, and this is almost certainly 

the three species of the subgenus Pusa, within this subfamily, even 

| tation from a common ancestor. Thus, if the ancestors of 

late Miocene times, ice almost certainly formed then, at 


n the innermost reaches of the Sarmatian Sea, 
INTRODUCTION 

* presence in two great Asian lakes of seals closely related to the ringed 
Arctic seas has naturally excited much speculation. This note is 
by certain Russian and eastern European papers which present 
he subject which are not widely recognized, Basically two theories 
have been put forward to explain the origin of these seals. The first presumes 
that they arrived as a result of Pleistocene events. and this is the only theory 
to be found in the zoogeographical literature of western Europe and America, 
as far as the author is aware. The second theory supposes that the Caspian 
seal and probably the Baikal seal are relicts of older, Tertiary connections with 


the northern seas, This paper attempts to show that the latter is the correct 


view 

The seals involved are members of the subfamily Phocinae of the hair 
seal frroup (family Phoc idae). The systematics of the subfamily have been 
reviewed recently by Chapsky (1955a), whose views are substantially adopted 
by Scheffer (1958). 

Many seals produce and nurture their pups on ice, but only the living 
members of the subfamily Phocinae (except for the specialized and probably 
early-separated bearded seal, Erignathus) are apparently derived from a 
single ice-breeding common ancestor. They are all related on anatomical 
grounds, of course, but more significantly their pups all have a white natal 


mission of the Fisheries Research Board of Canada, from which the 
of absence 


(AMER \ 
17 


he Origin of the ¢ asplan and 


(Phoca vitulina) of the Atlantic and east- 
id and the pup sheds the white coat in utero, The 
is turned to land-breeding in parts of its range, 


surely re ns the white coat. In all others the pup is 
produced ’ functional value of the white coat is obvious in 
thermoregulation, It is improbable that this 


idaptation developed indeper tly in seven species of the same subfamily, In 


the Antarctic. where predalt u 
five species of hair seal which may pup on ice, In the 


| man came) was not a factor, the white 


coat is not tour d in the 
north Atlantic, the hooded seal (subfamily ¢ ystophorinae) and the bearded 


seal (mentioned above) have failed to develop this feature. The importance of 


these considerations will becom« apparent. 
The ringed, ( aspian, and Baikal seals are members of the genus Phoca. 
I cently been raised to generic rank by Scheffer 


Their subgenus. Pusa, | 
(1958). but reference to P/ referred as it implies a relationship to the 
harbor seal group (Phoca ulina) rather than to the other members of the 


subfamily Phocinae (the more specialized Pagophilus, Histriophoca, and 
Halichoerus). This folk the recommendation of Chapsky (1955a). 
lhe Caspian seal (Phoca caspica) and the Baikal seal (P. sibirica) were 


described in 1788 by Gmelin. who thought them to be varieties of the harbor 


seal (P. vitulina). However, it became apparent that they were allied to the 


ringed seal (P. hispida) their affinities being discussed in detail by Nordqvist 
1899). who relegated them to subsper ific status, Seals have even recently 


Moh y been sted possibly living in the Asian lakes Oron. Aral. and 
Kuku-n I l ipparently is mistake, for no seals are found in these 


ikes to nev : ppa tly not noted by Mohr - 


will be discussed first. It will not be 


tion «ae pends on conhirmation 
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ccurred, The mechanism in 
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t drainage and thence into the 

Stenodus, and the imphipod 

or its relict lakes, and this led 
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est Siberian ice sheet 

ped ZOOZCOLI iphy is a whole, 

ittempt d to elaborate and date the 
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med alone the southern margin of 
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» Siberian ice sheet, There is geological evidence for a lake or lakes, which 
were controlled by a spillway at the head of the Tobol River and discharged 
nto a route leading to the Aralo-Caspian basin (Flint, 1957), There is no 
evidence, however. for a lake as extensive as that which Davies has drawn (his 
figure 7, 1958a), incorporating the Caspian and Aral Seas and extending to 
the Central Siberian Highland, Lake Baikal drains into the Yenesei River, 
but is at present 300 meters above any possible ice-dammed lake, Davies cites 
evidence for considerable epeirogenetic uplift during the Pleistocene, and sup- 
poses that Lake Baikal would have been more accessible during the third 


olac ial advan e 


rHE EVIDENCE FOR TERTIARY ORIGIN 

lhe other opinion, that the Baikal and Caspian seals are relicts of pre- 
Quaternary connections of these waters with the northern seas, is not new, It 
was first put forward in the last century (by Andrussov, 1888; cited by 
Chapsky, 1955b), but only recently has the idea been given the full attention 
it merits by Chapsky, whose views form the basis for much of the argument 
presented here 
First of all, the degree of differentiation of the two lake-dwelling seals 
must be clarified. Nordqvist (1899) considered them to be subspecies, thus 
expressing their greater difference from the northern ringed seal than found 
n the “varieties” inhabiting the Baltic lakes Ladoga and Saima, which were 
obviously of recent, post-glacial origin, Subspecific status is still commonly 
wcorded to them in the literature of northern Europe (Mohr, 1952; Eckman, 
1953; Segerstrale, 1957) and this status would accord with a presumption of 
their Pleistocene origin. However, most recent authors concerned with their 
systematic position have given them specific status, if only because of theit 
solation 

The ringed seal of the Arctic and north-boreal seas is quite variable, and 
has been divided into a number of subspecies. Doubtless Scheffer (1958) is 
orrect in presuming that most of these are invalid, At any rate, probably none 
can stand as defined, for the descriptions fail to account for differences imposed 
hy age and sex (Chapsky, 1952) and for ecotypical differences in size related 
to ice conditions and latitude (McLaren, 1958). The differences between the 
ringed, Caspian and Baikal seals are not of this order at all and have been 
underemphasized. Chapsky (1955a; 1955b) redescribes each species thorough- 
ly, but all their characteristics cannot be repeated here. There are consistent, 
age-independent differences in the skulls of the sper ies. The pelt of the ringed 
seal throughout its wide range is “ringed” or marbled, that of the Baikal seal 
is spotted, while the skin of the Caspian seal is an unmarked gray. There are 
differences in parasites and feeding habits. There is a pronounced difference 


in the reproductive ecology of the Caspian seal, which breeds gregariously on 


ice floes, whereas the other two construct solitary pupping-lairs in the snow 
overlying land-fast ice. 

The Caspian seal appears rather more differentiated from the ringed seal 
type, although the two lake seals have some features in common not found in 
the ringed seal, Taliev (cited by Brooks, 1950) found the Baikal seal serologi- 


of the Caspian and 


the seals of Lake Ladoga or the 
significant ol relationships. lor 


is merely a recently isolated and little 


imply an earlier separation than if we 
subspec ies of the ringed seal, Now an 
mn alone would not sullice to over 

The latter theory could claim that 

very small. and that this combined 

rs would certainly result in more rapid 
pre-Quaternary origin ol the Caspian 


which must supersede any theory based 


| 
and Pontian basins of the late 
wided a surprising number of fossils of 
mportant papers describing these fossils 
retzoi (1941). Macarovici and Oescu 
nionescu (1926). Kellogg (1922) gives a 
ds. and Friant (1947) lists and discusse 
Seals of the tropical-Antarctic group (s 


roup (subfamily Phocinae) ar 


vas Phoca pontica Kichwald (18535) 
om two lo ilities on the Kerch Peni 

1922). but ipparently Sarmatial 
badly confused. for the original 


than one species, and the name has 
Since the identification and relationships 
irgument. it is necessary first to discuss 

es of the name. and to divest it of fossils 
type material, After this we may redefine 


tion by choosing a le toty pe and then dis 


othe problems ol relationships and 


put these are bevond the scope ol 


from Bessarabia were shown by Nord 
‘r species, which Nordmann renamed 
igreement among the several authors on 
fiz. le) of this large form. although it 
Phoca by some. Trouessart (1897) recog 
il-Antarctic group and renamed it Mona 
Vonotherium has priority; see Kellogg. 
but Russian worker 

of the Sarmat 

t been sted i 
ument and for wi 
the Miocene-Pli 


International for « 


Cas Sea. Howeve sult cannot be 
lak 
Howe 
e Recent 
M 
Aleksec 
)4 | 
\lek r Q | ~ 
| ed to | 
Peele, 


Baikal Seals and the Paleoc limatologic al Implication 


PHOCA NOVOROSSICA 
PHOCA VINDOBONENS!S 


PONTOPHOCA SARMATICA PONTOPHOCA SARMATICA 


PONTOPHOCA SARMATICA 
PHOCA BESSARABICA 


from fossil seals, All to same scale (1/3). Some reversed from 
1 composition, (b and d from Friant, 1947: h from Simionescu, 
and Oescu, 1941; others from type illustrations, as discussed in 


1922). The work of Nordmann should have resulted in the restriction of the 
ume Phoca pontica to fossils from the small species of Phoca which formed 
mportant parts ol the collection described, without designation of a holotype, 
by Kichwald 


Peters (1867) attributed seal fossils from the upper Miocene of the Vien- 


na basin to Phoca pontica, without illustrating his material. Toula (1898) be- 


lieved that these and more extensive remains were referable to a new species, 
Phoca vindobonensis. 

Alekseev (1924a) described and figured from middle Sarmatian deposits 
of Kishiney the facial part of a skull and a fragment of a lower jaw, apparently 
from the same individual, These were from a small seal of the subfamily 
Phocinae and matched very well the small braincase from the Kerch Peninsula 
llustrated by Eichwald (1853) for Phoca pontica, Alekseev found skeletal 
material as well, which he neither described nor figured, but which he also 

ed to Phoca pontica. 

Other bones. of which the femur seems to have been the source of most 
onfusion, have been used to define the Sarmatian spec ies, The femur (fig. 
la) considered to be part of the type of Phoca pontica by Eichwald was very 
small (65 mm. long) and resembles quite closely the femora of othe species 
if Phoca, particularly Phoca minor (fig. 1b) from the Pliocene of Beleium, as 

Friant (1947). 
rossly different form of femur (fig. 1h), with a very much expanded 
distal portion, was attributed to Phoca pontica by Simionescu (1926). Later 
\acarovici and Oescu (1941), following Simionescu, described a similar but 
larger femur (fig. 1i) under the same name. These are without doubt the same 
type of femur (fig. lg) which had been defined earlier by Alekseev (1924b) 
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en new Phoca sarmatica, Macarovici (1942), having newly 
| Alekseev’s rk, recognized this relationship and felt that the form 


by Alekseev should be considered a variety. Phoca pontica var. 
Macaroy iliz that these femora (fig. le. h. i) by no means 
of the femur (fig. la) of Phoca pontica, but 

ld’s description of this bone, Actually, Eich- 

s iliustration quite adequately, and the meas- 

those of the illustrated femur, In the 

id not seen Alekseev’s (1924b) work. recos 

Simionescu (fig. 1h) had peculiarities which 

is Phoca, and accordingly he renamed it 


1947) had at hand an illustration of this 


mescu, - believed to be represent itive 
ugh apparently unaware of Kretzoi’s work, 
did not belong to the genus Phoca. and con- 
opical seal. Thus Phoca pontica Fichwald 
Fichwald) by Friant. In fact. this femur 
hat of the modern genus Monachus, or any 
tinct and under the rules of priority 

ven it by Kretzoi (1941) and the specifi 
(1924b). It is therefore now designated 
Laren n. comb, It is just possible that 
under this name, in view of the wide 

lh. i). but the point to be made here 


ior even related to the type material of 


‘ar up confusion surrounding 

orossica Alekseey (1924b). P. bes 

ndobonensis Toula (1898). In doing so. 

ith the first, on the basis of supposed 

| pelves. However, Alekseev stated emphatical 

was a small species, comparable in size with 
nna basin. Phoca bessarabica, as described by 
ind Oescu (1941). was a much lare: 
therium maeoticum. The femora (fie. Le 

onsidered synonymous actually bear little 

re respective ly ca, 65 and 94 mm lone. The 

ce but show the same disparity of size, One 

n that size alone is not sufficient to separate 

status of Phoca pontica becomes involved. 

the “real” Phoca pontt a was represented 

ove (Pontophoca sarmatica), he concluded 

e femur illustrated by Eichwald belonged to the species Phoca 

rrossica (ii le), with whi h h ; considered P. bessarabica (fic, Lf) to be 

onymous. There ms to be no justification for this identification of the 


mur originall ‘scribed among the type material of Phoca pontica. 
| 


I Alt 
f hecent oe | 


Baikal Seals and the Paleoclimatological Implication 53 


Kretzoi (1941) was unsatisfied with the supposed affinities of the femur 
and humerus illustrated by Eichwald as Phoca pontica and believed that they 
were referable to the Monachinae. He therefore proposed a new genus for the 
species and called it Monachopsis pontica, without designating a lectotype. No 
other worker seems to have considered this possibility, which appears unlikely 
as regards the femur at least, considering the small size of the bone and its 
resemblance to femora of other species of Phoca, The humerus is rather shorter 
and thicker than comparable bones from Recent Phoca, but these differences ° 
do not seem to be a sufficient basis for Kretzoi’s new generic name. 

Bogachoy (1927) described a humerus from Sarmatian deposits near 
Baku on the Caspian Sea which was almost identical with that described by 
Kichwald among the type material of Phoca pontica. 

Finally, Calvert and Neumayr (1880) have listed a few remains from 
Turkey which they believed were identifiable as Phoca pontica, | nfortunate- 
ly. they gave neither measurements nor illustrations which would perhaps 
demonstrate the affinities of their finds, for at that time they seemed unaware 
of the possible existence of more than one sper ies of seal in Sarmatian deposits. 

Phere remains, then, the problem of redefining Phoca pontica, which has 
heen cleared of some unrelated material, but which probably contained more 
than one species as described. For these reasons we must choose a lectotype 
from the type material of Eichwald (1853). 

The fossils which were described in the original publication without 
designation of a holotype were all from the Kerch peninsula. Among them were 
a part of the cranium, a few teeth, some vertebrae, part of the sternum, a frag- 
ment of the scapula, the pelvic girdle, humerus, femur, radius, tibia, patella, 
some of the bones of the carpus and tarsus, and some phalanges. Eichwald 
mentioned the larger Bessarabian fossils, which later became Monotherium 
maeoticum (Nordmann, 1860), but these did not acutally enter into his de- 
scription of Phoca pontica. Indeed, Eichwald thought that his fossil seal must 
have resembled closely the modern harbor seal, Phoca vitulina, and apparently 
used the skull of this living species as a model from which to outline the miss- 
ing portions of his fossil skull. Thus we may take Eichwald’s Phoca pontica as 
based on specimens from the small spec ies of Phoca which were actually in- 
cluded in the collection which he described, Of those who have sought to 
define or rename Phoca pontica, Alekseev (1924a) was the first, and he alone 
has described further material (the anterior fragment of a skull) which has 
given us a more precise conception of this small species of seal and which 
agrees with at least part of Eichwald’s type material. It is felt that the posterior 
part of the skull, well matched by the anterior part discovered by Alekseev 
(as shown here in fig. 2), should serve as the restricted type material, and it 
is therefore designated as the lectotype of Phoca pontica Eichwald, Other 
parts of the skeleton included in the original description are problematical. 
They were colle ted over a period of time from beds in two localities and we 
are given no information on which bones were found grouped together, For 
reasons which will be given later (p. 59) the first metatarsus illustrated by 
Eichwald can safely be placed in the same species as the skull, Although the 
femur appears perfectly suitable as part of a small species of Phoca, it has 
been the subject of so much controversy that it had best be excluded from 
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fossils from the pel ) ( . At left (a) outline 
1 of the anterior fragment of the skull attributed to Phoca ponti- 
The teeth appear to be obscured by matrix in his photograph, At 
described by Kretzoi (1941) as Praepu a pannonica, as redrawn 


Phe facial portion of the skull (outlined here in fig. 3a) which Alekseev 
(192ta) referred to Phoca pontica is most important. Alekseev compared it 
with skulls of Phoca hispida, P. vitulina, and Pagophilus groenlandicus, but 
did not ascribe it to any of these species, Although he found most points in 
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Comparison of general form and size of the snout of Phoca pontica with the 
by adult Phoca hispida (all aged at more than 7 years) from various locali- 
nadian Arctic. The distance between the molars (M;) of Phoca pontica is 
seey (1924a): the distance from the anterior tip of the premaxillaries to the 


molar was measured from his photograph 
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Ip} sed that the muzzle was in gener il too 
ving form. In fact, such elongation is typical 
from figure 4 that Alekseev’s specimen, here 


it differ from Phoca hispida in size or rela- 

ilter lekseev’s study, Bogachov (1927) 
h the equ valent part of the present Caspian 
ommon, However, perhaps because he was 


il discussed above, it seemed impossible to Boga- 


could be ancestral to the living form, Chapsky 
no doubt that Alekseev’s find belongs to the subgenus Pusa 


. 
> present iuthor agi completely with this conclusion. 


ne northern seals 


structure of the jaws and teeth, and Chapsky seemed unaware that Kretzoi 


can most readily be separated on the 


(1941) had made a very significant find, Kretzoi described from middle 
Sarmatian deposits near Budapest a fragment of a mandible (fig. 3b) which 
s unquestionably of the subgenus Pusa, in view of its light structure and small 
last molar (the only tooth remaining). He was fully aware of its relationships 
and named it Praepusa pannonica. Since Praepusa has no characters separat 
ing it from Phoca (Pusa), Kretzoi’s generic name must be changed to Phoca. 
Bogachov (1927) believed that a lumerus and a femur from Sarmatian 
osits of the Caspian basin were referable to Phoca vindobonensis Toula 
These fossils were also not ‘ing very similar to the equivalent 
Bogachovy offered this as evidence of the 
species, ( hapsky (1955b) also stressed the 
a vindobonensis and P. casptca, 

es of Phocinae described from Sarmatian 
to the subgenus Pusa. In the author's opinion 
is marking a southward extension in the range 
which have since been isolated to give rise to 
ms unlikely that more than one species of this 
in waters, and while a conservative attitude must 
ble that fossils from this subgenus will be shown 
to Phoca pontica, as here restricted. Information is 
needed on the nt of variation of the limb bones of the living species 

lat sp s may be more sensibly defined among the fossil seals, 
The formal synonymy of the relevant species is summarized here, Lecto- 
iosen for all species in which a holotype was not designated and 
if the referred material. Kellogg (1922) is the 
eferences, not involving the status of Phoca 
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( Vonatherium) maeoticum Trouessart, 1897. 
Vonotherium maeoticum Kellogg. 1922. 
Vonatherium maeoticum Friant. 1947. 
| ectolype: The femur described and illustrated by Nordmann (1860, text 
921, atlas pl. 23, figs. 8 and 9) as part of the type material. 

Comments on referred material: According to Alekseey (1924b) the 
femur, humerus, radius, and pelvis in Nordmann’s figures are attributable to 
this species. while the cubitus and the tibia belong to Pontophoca sarmatica. 

Range: Lectotype from Sarmatian limestone in vicinity of Kishinev, Ap- 
pare ntly confined to Bessarabian deposits. 


Subfamily Monachinae? 


Pontophoca sarmatica (Alekseev), n. comb. 
sarmatica Alekseev. 1924b 
pontica Simionescu. 1926; Macarovici and Oescu, 1941; 
Macarovici, 1942. 
1 pontica var. sarmatica Macarovici, 1942 
phoca simionescui Kretzoi, 1941. 
onachus ponticus Friant, 1947. 
lotype: The femur described and figured by Alekseev (1924b. p- 203, 
©) as part of the type material. 
Comments on referred material: The humerus described and figured in 
the type material may belong with Phoca bessarabica 
1942). Other material ac eptable as this species includes the femurs described 
Simionescu (1926) and Macarovici and Oescu (1941). 


according to Macarovici 


Phoca pontica 


Range: Precise locality of lectotype not given, Found in middle Sarmatian 
beds near Kishinev and also near Tsmiliansk on the Don River. 


Subfamily Phos 
Phoca (Pusa) pontica Kichwald 


(p.p.) Kichwald, 1853. 


Phoca pontica Alekseev, 1924a: Kirpichnikov, 1953 


Pho 


Phoca pon ai?) Bogachov, 1927. (See below). 


Vonae hops s pontica | ?) Kretzoi, 1941. (See below). 
Phoca novorossica (p.p) (2) Macarovici, 1942. (See below). 
Not: Phoca pontica Peters, 1867. 
Phoca pontica Simionescu. 1926; Macarovici and Oescu, 1941; 
Macarovici, 1942. 
a pontica var, sarmatica Macarovici, 1942. 


Lectotype fragment of the cranium described and figured by Ejich- 


wald (1853, text ] 91: atlas pl. 13, fie. 1). 


Comments on referred material: The metatarsus I of Eichwald’s type 


erial and the anterior fragment of the skull described by Alekseev (1924a) 
ire safely referable to 


mat 


this species. Possibly also the femur illustrated by 
Kichwald, renamed Vonachopsis pontica by Kretzoi (1941), and attributed to 


Phoca novorossica | 


y Macarovici (1942). The humerus (also renamed as part 
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h ssarabie a. but this is rejec ted he re lor reasons given above. 
Range: Lectotype from middle Sarmatian limestone near Kishinev, and 
ince only from that locality, 


Phoca (Pusa) pannonica (Kretzoi) 
Praepusa pannonica Kretzoi, 1941. 

Holotype: As defined by Kretzoi (1941, p. 275, fig. 1), the fragment of 

left lower jaw, 

Comments on referred material: Kretzoi defined as paratypes the proximal 
uid distal ends of the left tibia and the distal end of the left fibula. 

Range: Type and paratypes from the lower middle Sarmatian (Ukrain- 
ium) of Erd, near Budapest (6 m. deep in Cerithian chalk on the property of 
Franz Bitter). 

Pleistocene fossils —Another form of paleontological evidence is the 
demonstration that seals very like the modern Caspian species were present 
during early Quaternary times. A fossil tibia, indistinguishable from the com- 
parable bone of the present Caspian seal, has been described by Vershchagin 
ind Gromov (1952) from a site on the Ural River, over 500 km. north of the 
shore of the present Caspian Sea, They could not give the precise stratigraphic 
position, but attempted to correlate it by indirect means with the Kvalinsk 
transgression of the Caspian Sea (last or Wiirm glaciation). This find cannot 
be adduced as evidence for a pre-Pleistocene arrival, for the proponents of 
Pleistocene origin suggest that the previous glaciation (third, or, Riss) was 
responsible for the arrival of seals. It should be noted, however, that the 
Pleistocene fossils of ringed seals are in their turn indistinguishable from the 
modern species, Phoca hispida (see Kellogg, 1922). 

\ more significant fossil was described by Kirpichnikov (1953) from 
the south coast of the Sea of Azov. from deposits which are correlated with the 
Bakinsk transgression of the Caspian Sea of the early Pleistocene (second or 
Mindel glaciation). At this time the Black (Azov) and Caspian Sea basins 
were connected, The bone, a first metatarsal, was found in fluvial deposits, 
long with the remains of early Pleistocene terrestrial mammals (Elephas 
meridionalis. Equus sussenbornensis, etce.). Since the deposit contained re- 
distributed fragments of the middle Sarmatian marine mollusc, Cryptomactra 
pesanseris, ut had been considered possible that the seal bone was of Sarmatian 
iwe as well, However, Kirpichnikov rejects this conclusion by comparing the 
metatarsal with equivalent bones from one contemporary Phoca caspica and 
three upper Sarmatian seals referred to Phoca pontica (and wholly comparable 
with the first metatarsal illustrated by Eichwald, 1853). Indeed his measure- 
ments and figures do suggest that the fossil from the Sea of Azov matches best 
with Phoca caspuca, but they also stress that there is very little difference be- 


tween the metatarsal of the modern seal and those of the Sarmatian species. 


Kirpichnikoy cites records of the entry of the present Caspian seal far into 
rivers as pointing to the way in which the fossil bone came to be found in 
fluvial deposits, along with remains of terrestrial mammals. 

The evidence suggests, then, that a seal very like the modern Caspian seal 


is present in the Black Sea basin during early Quaternary times, before the 
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THE ROUTES OF ENTRY OF THE SEALS 

It will be profitable to refer briefly to the overall fossil record (fig. 5). 
Although Cetacea are known earlier, the first fossils of seals in Europe are 
teeth found in the middle Mivcene of southwest France. These are problemati- 
cal, but are referred to the subfamily Cystophorinae (elephant and hooded 
seals). 

Numbers of seals are described from the marine deposits of the upper 
Miocene, including those dealt with above. It can be noticed on figure 5 that, 
while the Sarmatian basin had several species of Phoca as well as seals of the 
tropical-Antarctic group, the Mediterranean and western European fossils are 
mostly of the Monachinae, except for a single femur from southwest France 
described as Phoca couffonit by Friant (1947) and two large hair seals (Pro- 
phoca), certainly not closely related to the modern northern seal group, from 
Anversian deposits. 

The lower Pliocene has not produced much fossil material, but fragmen- 
tary remains from Turkey were referred to “Phoca pontica (see p. 53) and 
a seal (Pristiphoca) from Italy is close to the modern tropical seal (Friant, 
1947, has in fact referred Pristiphoca to the genus Monachus). 

In the middle Pliocene a whole host of species appears in the deposits of 
Belgium and Holland. One is of the Cystophorinae and one of the tropical- 
Antarctic group, while the others are “genera” (Friant, 1947, has reduced all 
but one to Phoca) quite close to the modern Phocinae. In the Mediterranean, 
the modern tropical seal was present. 

Davies (1958b) has argued cogently for the origin of the Pinnipedia in 
the Arctic basin, and for the continuous restriction of the Phocinae to the 
northern hemisphere, by stressing the relative stenothermy of all except the 
Monachinae (all others live only in waters of less than 20°C maximum). 
There is little doubt that for the northern seal group during the late Miocene, 
the route around western Europe, through the Mediterranean, and into the 
Sarmatian Sea would have been too warm, The discovery of only one species 
of Phoca in deposits of that time in western Europe also suggests this (and P. 
couffoni, based on only one specimen, might bear re-examination), We must 
then consider a route of entry from the north. 

Kretzoi (1941) saw no difficulty in connecting his Praepusa pannonica 
of Hungary with living seals of the same group, and with a zoogecgraphical 
flourish he created a “paratethys” in which the ancestral seals were developed. 
Along with two openings to the Arctic, one to the Mediterranean, and one to 
the Pacific, this Paratethys Sea was extended to cover Lake Oron, the Aral 
Sea, and Lake Kuku-nor, where no seals exist (p. 48). Kretzoi’s Paratethys 
is purely imaginary, although his fossil find cannot be denied. 

The northern shore of the Sarmatian Sea is difficult to restore with pre- 
cision, since erosion has destroyed the deposits (Chapsky, 1955b), Although a 


connection between the Tethys Sea and the Arctic Ocean was present during 
early Tertiary, its existence during Miocene times seems problematical (Ek- 


man, 1953). Nevertheless, it is felt that some connection must be invoked to 


get northern seals into southeastern Europe in the late Miocene, Seals are 
quite capable of moving into fresh water, and the connection need not have 


he Origin of the ¢ asplan and 


well as the ringed seal group, other Ly pes ol 
northern seals ¢ to h been present, including forms which may have 
resembled more the modern Phoca vitulina and Halichoerus (the jaw olf 
V ophoca estuta ty s supposed by ( hapsky, 1955a. to resemble that of 
Halichoerus ) i all. a fully marine connection seems more likely, although 
iot absolutely 1 ssary to the argument 
Probably the late Miocene marine transgressions, well known in Europe, 
nded either fro from the Sarmatian Sea and brought the 
lose to Lake Baika rtainly the fauna of this ancient lake, except for 
‘al and possibl has otherwise been isolated from marine 
t irlier than late Miocene ( Brooks, 1950), The Arctic 
ringed seal probably swims ind out of Nettilling Lake, Bafhin Island, (see 
Manning, 1943) and the same capacity might have enabled the late Miocen 
to enter Lake Baikal. eve f that lake were above sea level. Davies (1958) 
cites evidence for enpeirogene uplift during Pleistocene, arguing that the en 
trance of the lake Ly the il occurred during Pleistocene before that uplift; 


evidence might Lic that the lake was even more accessible in 


nvaders trom a 


seal 


same 
Miocene. 


In summary 
Baikal seal can be « ler o have arrived from the northern seas by con- 


tors of the Caspian seal and probably of the 


arine, in late Miocene times. 


PLICATIONS FOR PLEISTOCENE ZOOGEOGRAPHY 
that the demonstration of the probable Tertiary origin of 
seal casts at least some doubt on the significance of the great Si 


1 ice-dammed lake as an agency in zoogeography, Certain Russian and 
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It might be argued, against all probability (see p. 48), that the white- 
coat pup arose independently in the several groups of the subfamily Phocinae. 
But the argument that it arose independently in the three closely related species 
of a subeenus within that subfamily is even more untenable, If one of this 
primitively ice-breeding group has lived continuously in the Caspian basin 
since late Miocene, then ice was almost certainly present somewhere at that 
Lime 

Although it seems more simple to suppose that the seals retained the ice- 
breeding habit in the Sarmatian Sea, it could be argued that they lost this 
habit when they spread into southern regions, where ice was not available. 
This has happened to different degrees in two modern species (see p. 1S). 
The ¢ asplan seal has lost the spec ialized relationship to fast ice shown by the 
ringed and Baikal species (see p, 49) and this might be taken as an indica- 
tion of adaptation to periods when there was much less ice and snow than 
found today. It is also possible that the fossils of Phoca pontica from southern 
Russia are from seals which died far to the south of their breeding range, The 
modern Caspian species finds ice only in the north, although it migrates an- 
nually to the southern end of the sea. 

In considering the climatological significance of the Monachinae, related 
to the modern tropical seals, it should be remembered that there were several 
types of Monachinae present, and that the modern group also includes four 
Antaret pecies. The subfamily was quite likely Tethyan in origin, and their 
eurvthermy may have permitted them to transgress the tropic s during Miocene 
times. thence to colonize Antarctica (Davies, 1958b). Thus the admixture of 
fossils from the trop il-Antarectic and northern seals is not as paradoxical as 
it seems at first. Perhaps significant also are the facts that only near Kishinev 
is Phoca pontica found in the same locality with other seals, and Phoca pan- 
nonica is found alone. Unfortunately. the precise stratigraphic positions of 
many of the fossils are not given, but it is quite possible that seals of the sub- 
renus Pusa were not strictly contemporaneous with seals belonging to the 
Monachinae. 

Phere is also the problem of why only the Caspian seal of the several 
Phocinae present and none of the Monachinae should have survived to the 
present day. This can be attributed to post-Miocene climatic vicissitudes, and 
it is noteworthy that only the members of the ringed seal group normally keep 
open holes in the ice during an entire winter season. although other northern 
species may maintain holes briefly. 

Other evidence can be brought forward to suggest that the climate of the 
late Miocene was sufficiently cool to form ice. 


In the seas, there is evidence (in displacement of large boulders; Chapsky, 
1955b) that ice was present in the Pontian Sea, at least. Ekman (1953) dis- 


cussed the climatic deterioration in the Caribbean and elsewhere during Mio- 
cene, Today's marine temperatures were essentially reached in the Pliocene 
(the late Miocene was only a litthe warmer) on the west coast of North Ameri- 
ca (Durham, 1950). 

MacGinitie (1958) has recently reviewed our knowledge of climate since 
the late Cretaceous, with sper ial reference to the history of the floras of west- 
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STUDIES IN THE SYSTEM Mn-O: 
THE Mn203—Mn304 AND Mn30,-—MnO EQUILIBRIA® 
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perimentally easier to work at O. pressures in the upper part of this range. 
This is mainly because the high activity of manganese in oxide phases under 
stronely reducing conditions makes it difficult to find a crucible material in 
which to contain the samples. Therefore, the first step in our investigation was 
limited to O. pressures ranging from 1 atm. down to 10~*:"° atm. The tem- 
perature range for our study was also limited by practical considerations, The 
upper limit of approximately 1550°C is a temperature which can be con- 
veniently reached in platinum-20 percent rhodium resistance furnaces, and the 
lower limit is that below which equilibrium cannot be reached within a 
“reasonable” period of time, say 1-2 weeks. With these chosen limitations in 


our investigation, we will be mainly concerned with the equilibria 


6 \Mn.O ] () 


2 Mn.O, 6 MnO 


the solidus temperature he composition 


d Mn.O,. 


WO! 
been reported in the literature dealing wi 
ing ext However. nowhere does 
prehensive account of the temperature-pressure-composition 
‘system Mn—O. 

known that the oxides MnO, Mn,O,, Mn.O, and MnO, exist 
ble crystalline phases and can be converted from one to the other by 
le adjustments of temperature and QO, partial pressure. It is also general- 
vy assumed that some of these oxide structures, notably MnO and Mn,0,, may 


exist over a range ol compositions deviating from the stoichiometric ratios 


represented by the above formulas. However, an inspection of the quantitative 
data available for the various equilibria shows that discouragingly large dis- 
repancies exist among these data, This may be partly a result of the fact that 
many of the equilibria have been estimated by addition and subtraction of heat 
of formation and entropy data, each of which has considerable limits of error, 
ather than by direct experimental observation of the equilibria in question. 
However, even data obtained by different authors using essentially the same 
technique are In very poor agreement, It is suspected that extreme difficulty 
n attainment of equilibrium in this system is the main reason for these dis- 

Compositions of Mn,O, have been studied by Millar (1928), Le Blan 


ind Wehner. (1934). and Shomate (1943). and by Moore, Ellis and Selwood 
1950). While Le Blane and Wehner found the Mn.QO, to contain a consider- 


le amount of excess « een over stoichiometric, the other investigators re- 


ported the Mn,O, in air to contain essentially the amount of oxygen corre- 
ponding to the formula Mn.Q,. 

Le Blane and Wehner (1934). as well as Moore, Ellis and Selwood 
1950), also studied the MnO phase and concluded that the compositions 
varied with conditions of preparation, without giving any reliable quantitative 
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Diagram showing the equilibrium relations of MnzOs and MnsQ, as a func- 


tion of pressure (log scale in atm.) and temperature (inverse °K scale), Solid 
triangles and cir les re present observed stable occurrence ot Mn:0; and Mn,0, respective- 
ly, and the solid line is drawn to fit the experimental data as well as possible. The dash 
curve is drawn to represent the same equilibrium on the basis of data tabulated by 
Coughlin (1954) 


EXPERIMENTAL METHOD 

General procedure. Subsolidus equilibria were investigated by making 
runs at selected temperatures and QO, partial pressures. Two samples, either 
Mn.O, and Mn,O, or MnO, and MnO, were equilibrated side by side in the 
furnace. After a suitable time, determined by experience, the samples were 
quenched and the phases present determined by x-ray methods. In addition, 
runs were made in a thermal balance which permitted a direct observation of 
weight changes and hence the approach toward equilibrium as oxygen was 
added to or subtracted from the samples by reaction with the gas phase. 

Charges for the investigation of solidus relations in the composition range 
between MnO and Mn,O, were prepared by mixing various proportions of the 
two oxides, These charges were sealed in platinum-20 percent rhodium tubes, 
equilibrated in the furnace and quenched in water. The samples were then 
polished and examined microscopically under reflected light to determine the 
phases present. 

Control of atmosphere.—The method used for controlling O, pressures 
was essentially the same as that used by Darken and Gurry (1945), and later 
by Muan (1955). Runs at 1 atm. O. were made by passing commercial tank 
oxygen through the furnace. Runs at 0.21 atm. VU, were made by opening the 
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soluble in HCl, 0.015% ; chloride, 0.002% ; nitrate, 0.0500 ; sulfate, 0.040% ; 
earths and alkalies (as SO,), 0.015%. Starting materials were made by ig- 
niting this oxide in air at approximately 800°C to produce Mn.O, and at ap- 
proximately 1100°C to produce Mn,O,. The MnO used as starting material 
was prepared by heating of MnO, at approximately 1100°C in an atmosphere 
with a CO, H, mixing ratio of approximately 10. In accordance with the re- 
sults of Le Blanc and Wehner (1934) it was found necessary to cool the MnO 
in the furnace atmosphere to prevent the formation of higher oxides. 
Chemical analysis.—The oxides were analyzed by determination of “ex- 
‘ss oxygen’, Le. weight percent oxygen in excess of that corresponding to 
toichiometric MnO. Approximately 0.1 gm of the oxide sample and 0.75 gm 
ke (NH,) (SQ,) 6OH.O were added to 25 ml of H.O. 10 ml of 1:4 
SO, and 3 ml of 49 percent HF. and the solution was allowed to boil for 10 
nutes to dissolve all the sample. Upon cooling to room temperature 25 ml of 
di tilled wate! and 15 ml of 2 percent hori ac id were added and the solution 
was titrated with 0.05-normal KMnO,. The value of the equivalents of excess 
oxygen was calculated as the difference between the equivalents of ferrous iron 
added and that reacting with KMnQ,. The addition of HF was necessary in 
order to avoid the difficulty encountered by Siemonsen (1939) in dissolving 


samples of Mn,O, which had been prepared at high temperatures. Boric acid 


was added to complex the iron in order that the faint pink color of the end 
point in the titration with KMnQO, could be observed. The Fe (NH,). (SO,)>° 


OHO had he standardized under the conditions of the analysis each time 


de because it will lose or gain water on standing. 

s were made to determine whether the oxygen of the air 
results as it does in the use of the arsenate method as 
and Vosburgh (1951). Duplicate samples boiled in air 

ntical results within limit of expel mental error, 

RESULTS 
osition of Mn,O, in air and in 1 atm. O. was determined over 
ire interval from about 1100 to 1500°C. In preliminary experi- 
ment tartit iumples of MnO and Mn,O, were equilibrated side by side in 
the furnace until the compositions of both samples were the same. This was 
done at ; rh temperature and at the lowest temperature in the interval con- 
erned, Once the time necessary to reach equilibrium at these two chosen 
temperatures had been determined, it was assumed than any run at inter- 
mediate temperatures would require no longer time to reach equilibrium than 
at the lowest temperature. Also, in succeeding runs only Mn,Q, was used as 
starting material, It was found necessary to quench these samples in water, 
for air quenching caused results which were inconsistent because of the reac- 
tion of the samples with the oxygen of the air upon cooling, The results of 
these runs appeal in table 1. 

lhe phase transformation in Mn,O, occurs rapidly, and the high tem- 
perature form cannot be quenched to room temperature. It is inferred, how- 
ever, that although the structure of Mn,OQ, changes upon quenching, the 
composition does not change appreciably. The basis for this inference is that 
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| 
Analyses of Samples of Mn,O, Produced at Different Temperatures 


in Air (pQ 0.21 atm.) and at pO 1 atm. 


Du 
" Excess Oxygen Value of x in 

Run (duplicate Calculated Formula 
rs) analvses) (MnO.) of Oxide 


+) 
pos 


Vin.O 
Vin,O 

MnO 
\Min,O 
VMin.O 
Mns0, 


Vin,O 
VinsO, 
Mn,O 


Saito (1927) and Meyer and Rétgers (1908), who followed the decomposition 
of MnO. on continuous heating in air by means of a thermal balance, found 
no abrupt change in weight in the vicinity of L160°C. 

Inasmuch as all compositions of Mn,O, determined in the present investi- 
gation were in the range MnO to MnO , and there was no systemati 
variation with temperature or 0 partial pressure, it is concluded that the 


composition of this phase ntially constant. corresponding to that of 


stoichiometric Mn,Q0,. undet ie conditions of temperature and O pressure 


used in this investigation litional evidence of the constancy of composition 
was obtained in the nt inv gation by means of the thermal balance 
arrengement imple of I . weighing approximately 1 em, was equili- 
brated for two days i it 1348°C. It showed no change in weight at the 
end of 17 hours after th itm sphere was changed to oxygen at | atm. 

The equilibrium between Mn,O, and Mn.O, was investigated at 1 atm. 
QO. pressure, in air, and in an atmosphere of intermediate O, partial pressure. 
The data for the critical runs appear in table 2. These data are plotted in 
figure 1 along with the values of log pQ, calculated from the data compiled by 
Coughlin (1954 he \ ie for the heat of reaction for the process 6oMn.O 
1iMn.0O, is calculated from the data of the present investigation is 
16,200 + 3. ( quilibrium decomposition temperatures of MnO 
to Mn,O termi! n the present investigation are 968 + 5°C in oxygen 
Data for the equilibrium between Mn.O, and MnO appeal in table 3. 
These data are plotted it I ? along with the values of log PO calculated 
from the data compiled by Coughlin (1954). The high temperature limit of 
the experime! tal curve is that at which a liquid phase develops, as dese ribed 
late The low te mperature limit ol the present nvestigation was the tempera- 


ture ot th brium pure CO.. The mixing ratios, 
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2 
Critical Runs for Determination of the Equilibrium 
6Mn.O + 
mpe ra 
Duration of Phase Present 
Run (hours) at Equilibrium 
61 Mn.0; 
60 Mn.0, 
98 MnzOs3 
244 no change in 
either sample 
Mn;0, 


MnzO, 


Mn;0, 
Mn.0, 


necessary to obtain partial pressures of O. in the vicinity of the curve 
temperatures would have to be greater than 500/1. In the case of such 


mixtures. serious doubts concerning the accuracy of the gas mixer would arise. 


im showing stability relations of the phases MnsO, and MnO as a 

pressure (log scale in atm.) and temperature (inverse K scale). Solid 
squares represent observed stable occurrence of Mn;Q, and MnO, respectively, 
solid straight line is drawn to fit the data as well as possible. The dash straight 
resents the equilibrium curve as calculated from data tabulated by Coughlin 
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proximated the temperatures determined by Meyer and Rétgers, Unfortunate- 
ly, some of these later investigators have failed to appreciate the significance 
of the reservations made by Meyer and Rétgers regarding the lack of equilib- 
rium conditions. The transformation temperatures determined in the present 
investigation are also significantly lower than the values of approximately 
280°C at 1 atm. O. pressure and 1170°C in air calculated from the data of 
Coughlin (1954). The reasons for this discrepancy cannot be checked because 
Coughlin has omitted certain sources for the data which he has compiled for 
\In,O,. However, in the light of the previous discussion concerning the trans- 
formation temperatures as reported in the literature, it can be suspected that 
f an experimentally determined transformation temperature was used by 
Coughlin in compiling his data, it was too high 
Phe AH® value of 46.200 + 3.300 cal. for the reaction 
OMn.O LMn.O, + O 


determined in the present investigation (for the temperature interval 845- 
well with the value of 44300 — 13600 cal, calculated from 


the data compiled by Coughlin. 


10290°C) acres 


An observation which was made durine study of the Mn.O0,—MnO 
equilibrium deserves special discussion. In preliminary experiments for de- 
termination of the equilibrium between MnO, and MnO, the transformations 
f MnO to MnO, and vice versa were studied under conditions of constant 
temperature and QO, partial pressures whi h were later found to be well within 
the regions of stability of the respective oxides, These transformations were 


the thermal balance and x-ray examination, The complete 


followed by means of 
transformation in both directions took place in three to four hours in tests run 

300° The transformations were called complete when the sample had 
reached a constant weight and the quenched sample consisted of only one 
phase according to x-ray analysis.) It was later discovered that when the two 
tarting n rials. MnO and Mn.QO,. were run simultaneously in the furnace 
it combinations of temperature and QO. partial pressure representing conditions 
near the boundary curve on the MnO side (see fig. 2). both quen hed samples 
turned out to be mixtures of MnO and Mn.O, as determined by x-ray analysis. 
In other words, each of the phases (MnO and Mn,QO,) seemed to be unstable 
with respect to the other—-apparently a contradictory situation. 

Experience showed that if both quenched samples were a mixture the 
first time they were removed from the furnace, the amount of the MnO phase 
increased and the amount of the Mn,O, phase decreased in every case upon 
further time in the furnace at the same temperature and Q, partial pressure. 
On the basis of this observation it was assumed that MnO is the truly stable 
phase under the conditions of O, partial pressure and temperature which re- 
sulted in this anomalous behavior of the samples 

Inasmuch as the composition of Mn,O, is known to remain essentially 
constant and the composition of MnO has been reported to vary considerably 
(Le Blane and Wehner, 1934), it is suspected that the MnO phase is the cause 
of the difhculty encountered near the boundary conditions, Exsolution of 
\In,O, from the oxygen-rich MnO phase near the boundary curve during 


quenching may be thought of as a cause of the anomalous observation dis- 
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partial pressures ranging from 10~*-°* to 1 atm. The equilibria were studied 
mainly by the quenching technique, using microscopic, x-ray and chemical 
analysis for identification of phases in the quenched samples. These experi- 
ments were supplemented with weighing experiments carried out in a thermal 
balance setup. 

Runs of long duration permitted equilibrium to be reached in both direc- 
tions for the reaction 

6Mn.O 1Mn,O, + O 
* temperature of equilibrium coexistence of Mn.O, and Mn O, in air is 
8°C and at 1 atm. O, pressure 968 + 5°C. The AH°® for the reaction 

» as calculated from the data of this investigation is 46,200 + 3,300 cal. 

The composition of MnO, was found to be essentially constant and equal 
to that of the stoichiometric formula at all temperatures studied (1085 to 
1535°C) in air and at 1 atm. O. pressure. 

Phe equilibrium between Mn,O, and MnO according to the equation 

2Mn,0, 6MnO + O, 
was studied in the temperature interval 1248 to 1562°C. A curve representing 
the equilibrium coexistence of these two crystalline phases as a function of 
temperature and Q, partial pressure has been obtained. The AH° for the re- 
action as calculated from the data of this investigation is 118,500 + 2,500 
eal. 

Exploratory runs in the solidus temperature region showed that an in- 
variant situation exists in the Mn—O system at approximately 1540°C., with 
the following phases present together in equilibrium: Mn,0,, MnO, liquid and 
a gas phase with an QO, partial pressure of approximately 0.1 atm. 

During the study of the Mn,O,-MnO equilibrium it was observed that 
MnO used as starting material and equilibrated under conditions of tempera- 
ture and ©, pressure in the stability field of the MnO phase, but close to the 
Mn,O,-MnO boundary curve, upon quenching to room temperature gave a 
mixture of Mn,O, and MnO (as revealed by x-ray examination). It is tenta- 
tively suggested that this phenomenon is related to the complicated reaction 
kinetics for transformation of a MnO phase of one oxygen content to another 


rather than a simple exsolution of Mn,O, from the MnO phase during quench- 


ACKNOWLEDGMENTS 


This work was carried out as part of a research project on steel plant re- 
fractories systems sponsored by the American Iron and Steel Institute. The 
helpful assistance of A. M. Bystrém in developing the method of chemical 
analysis is gratefully acknowledged. The authors are also indebted to E. F. 
Osborn for his critical reading of the manuscript. 


REFERENCES 
Aoyama, S., and Oka, Y., 1933, Oxidation reduction equilibrium of metallic manganese: 
Sci its. Tahoku Imp. Univ., v, 22, p. 824-834. 
Coughlin, J. P., 1954, Contributions to the data on theoretical metallurgy: XII, heats and 
free energies of formation of inorganic oxides: U. S, Bur. Mines Bull. 542. 
Darken, L. S., and Gurry, R. W., 1945, The system iron-oxygen I, The wiistite field and 
related equilibria: Am, Chem, Soc, Jour., v. 67, p. 1398-1412. 


ng. 


frnulf Muan 
ium and thermody mies 


lily 


v. 068 798-816 
Dissoziation des Mangandioxvdes 


sesqu oxyde de manganese Comp 
Sci.. p. 398-412 
Manganoxyade Phys 


FeO Vino 


JOuR 
enntis ce 
stem FeO 


modifications 


te wer 
mperatt 
\ 


is 


Disso itio 


Chem.. 
peratures of manga 
Am. Chem. Soc, Jour., 


es and 


AIMI 


sO) 


1880 
Pub 

eat capac 

radium 


hosel 


~ MnO 


tes 


kal 


6. 1 Equ of liquid 
xid \ lou 
Drucker, iH R.. 1927. Die thermisch 
Physik ( \ \ 
( ‘ | sit) 
B \l iW ( 1 Beit ir K 
( \ \ f ) 
1} { the vst VinO Geol 
Stock f ) 
VMeM lie, | Study of inese dioxide 
Nat. B R 1] 
Mey R. J K ) 1) iren d VManganoxval 
i | is M4-112 
M i RK. W ) | t us oxide, ma 
M \I W., 1950, Solid oxid hydroxides of 
\ ( 
M \ 4 te iture nm 
S H ) | mpounds heated 
Shenker, H., | R. J | Lonberger, S, T., 1955, Refers 
\ ( 
290 N irme ler M nxvde: Elektre 
Heat of format ind } ' 
ou ite, High-temperatu 
\ 
Be | erature heat cont f Masid 
| \ \\ Det ition of available oxy i | 
) 6° RK oxid 1 va monoxice (hem 
\ Hook. H. J The svstem Fe,O0 Vin.O ) 
\ } } } | Roval 1 


REVIEWS 


The Fossil Book: A Record of Prehistoric Times: by CARROLL LANE FEN- 
ron and Mitprep Apams Fenton. P. 428, illus. New York, 1958 (Doubleday 
and Co., $12.50).—Continuing their work of presenting geology for the popu- 
lar audience of older children and adults, the Fentons have explored the field 
of paleontclogy in this new volume, Written for the interested student of high 
school age—and equally fascinating to the adult layman—The Fossil Book is 
one of the best and most comprehensive non-technical books on this subject. 

Begin: ing with introductory definitions of the nature of fossils, the scale 
of geologic time, and a brief discussion of stratigraphy, the first part of the 
book also includes a chapter on classification and principles of nomenclature. 
Phis information is all too often omitted from popular treatments of paleontol- 
ogy —particularly those prepared for this audience—and its inclusion here is 
therefore especially welcome. The discussion of fossil invertebrates as well as 
the more familiar vertebrates is also unusual and will extend the usefulness of 
the book. 

The illustrations, both photographs and line-drawings, are excellent. 
Among the best are the many diagrams of comparative structures and the 
series of sketches of the Brachiopoda. For the amateur fossil-hunter these, to- 
gether with the descriptions of collecting localities throughout the text, will un- 
doubtedly make the book serve as a field guide as well as a library reference. 
Phe color plates are strikingly good and one might only wish that more of them 
could hy ive hve en im luded. 

In other respects. The Fossil Book is a work that can really be used. One 
of the best chapters is titled “Read, See, and Collect.” It comprises an an- 
notated list of the museums in this country that display fossils (including some 
of the smaller college and university museums which do not maintain public 
exhibits but will permit the use of their study collections) ; a good bibliography 
of suggested readings in general historical geology, as well as more specific 
fields; and finally a brief section on collecting techniques and equipment. There 
is also a glossary of terms and an index, which gives a pronunciation guide to 
scientific words used in the text. 

Although the book is very well organized and equally well-written, it suf- 
fers from the inclusion of some questionable and inaccurate material, The 
geologic time scale is presented in a version not in common use today, as the 
detailed division of the Pre-Cambrian implies far more knowledge about this 
part of geologic time than most geologists assume, and would therefore be mis- 
leading to the student. The discussion of radioactive dating contains an out- 
right error in its reference to radioactive isotopes of “zircon.” 

Paleobotany is discussed in two chapters, but it is unfortunate that in a 
work that aims at being inclusive more space is not given to this subject. The 
text would also have benefited from a fuller discussion of the significance of 
paleontology in extending our knowledge of evolution. While this is implied, 


it is not clearly stated, nor is evolution itself discussed in any detail, although 


much space is devoted to evolutionary histories. 


| | 


Despite its shortcomings e Fossil Book will be a much-needed addition 
to the shelves of many school, public, and individual libraries, Although its 
price may put it beyond the reach of many readers, it contains a great deal of 
up-to-date information, not usually brought together in a popular book written 
so that young pe as well as adults can understand and enjoy it. 


LYNNE SALISBURY 


Principles of Geochemistry, 2d ed.: by Brian Mason, P. x, 310; 48 figs. 
New York. 1958 (John Wiley & Sons. Inc.. $8.50) .—The second edition retains 
the original organization of the book and most of the changes in the new edi- 
tion are in the form of addition of new material rather than revision of the 

ginal text. The most marked changes are those concerning dating, isotope 
-olog ind ph ise equ libria 

Chapter 5 (Magmatism id lenec Rocks) and Chapter 10 (Meta 
morphism and Metamorpl cocks) have undergone most change, Chapter 5 
now init ludes rey ised d ila on prihase relations of feldspars and py roxvenes 
and data on some mineralogical system recently investigated under various 
H.O pressures. Chapter 10 orporates a discussion of the sillimanite-kyanite- 
andalusite relations and the effect of H.O and CO pressures on the stability of 
various phases during metamorphism. It also includes a diagram of equilibrium 
curves for some significant metamorphic reactions at different temperatures 
and pressures. The whole section on mineralogical transformations and the 
facies principle has been revised to take account of this new data. 

The changes in the other chapters are less extensive. These include ac- 
counts of the hypotheses of Urey and Hoyle on the origin of the universe and 
of Rubey and Urey on the origin of the atmosphere. The data on cosmic 
abundances, the age of the earth and the abundance of trace elements in vari- 
ous rock types have been revised, Additional diagrams are incorporated such as 
the one showing the relation of sedimentary mineral associations to Eh and 
pH. All the chapters have bibliographies which are expanded and brought up 
to date 

Thus the scope and purpose ol the original book remain the same, Phe 
changes involved are only those necessary because of the accumulation of new 
data and the introduction of new theories during the six years since the publi- 
cation of the first edition. 


MICHAEL H, CARR 
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lin. New York, 1959 (Rinehart and Co., $6.00). 
1; revised by Cornelius S, Hurlbut, Jr. New York, 
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o., $8.75 
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’rinceton University Press, $5.00). 

by E. S, Makarov (translated by E. B, Uvarov). 
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Now extensively revised 


HISTORICAL GEOLOGY 
Second Edition 


By Cart O. DuNBAR, Professor Emeritus of Paleontology and Stratigraphy, 
Yale University. Ever since it was first published in 1949, this book has been con- 
sidered by many to be the finest text in the field. In order to maintain this high 
position, the book has been revised and partially rewritten by the author so as to 
take into account the important new concepts and findings that have appeared in 
the last decade. Significant recent developments in astronomy and geochemistry are 
discussed wherever these are relevant to the study of historical geology. The 
contains 160 new illustrations, including paleographic maps drawn in a new tech- 
nique. Extensive use is made of stratigraphic diagrams to aid visualization of the 
nature and relations of formations mentioned in the text. 


Despite the extensive revisions which the author has made, the general or- 
ganization of the earlier edition has been retained, as well as the vitality of approach 
and clarity of presentation that led to the adoption of this book by over 400 leading 
colleges and universities. In this edition as in the first, the author has succeeded in 
making the subject interesting and exciting by enabling the student to learn how a 
geologist thinks. 


1960. Approx. 480 pages. 401 Illus. Prob. $7.95. 


SUBSURFACE MAPPING 


Preparation and interpretation 
By Maxcarsr S. BisHop, University of Houston. Assembles in textbook form 
the principles of preparation and interpretation useful in subsurface mapping. Much 


of the material has never appeared previously in a textbook. The includes a 
step-by-step analysis of how to map structure, how to recognize various topological 
features in the subsurface. Suggestions are also offered on how to analyze limited 
subsurface information, how to recognize transgressive and regressive units, time of 
uplift, and many other problems of practical interest to the oil industry. 


1960. Approx. 200 pages. Prob. $5.75 


Send for examination copies. 


JOHN WILEY & SONS, Inc. 
440 Fourth Ave., New York 16, N. Y. 
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